(LMNs) in the brainstem and spinal cord. Increasingly, clinical, imaging and neuropathological data are accumulating that redefine MND as a multisystem neurodegenerative disease. Cognitive abnormalities now appear to be the most common nonmotor finding in MND. In this paper, we describe MND and some of the associated cognitive impairments. We also consider biomarkers and etiological factors that link MND to another neurodegenerative condition, frontotemporal lobar degeneration (FTLD).
Introduction
Motor neuron disease (MND) is a neurodegenerative disorder with clinical manifestations long thought to be limited to the pyramidal motor system. Amyotrophic lateral sclerosis (ALS) is the prototypical form of MND and is clinically manifested as the combination of signs and symptoms due to degeneration of upper motor neurons (UMNs) in the motor cortex and lower motor neurons ponents. Thus, the cardinal symptom of MND is progressive muscle weakness. This includes the muscles responsible for breathing and swallowing, and as a result, MND is a life-threatening group of disorders.
At present there is no definitive diagnostic laboratory test for MND. MND is defined clinically on the basis of the neurological history, neurological examination and laboratory testing, including neuroimaging and electrophysiological studies, used to exclude disorders that may mimic MND. UMN loss is characterized by mild muscle weakness accompanied by stiffness, slowness of movement, dyscoordination, limb spasticity, hyperactive tendon reflexes and pathological reflexes. LMN loss is characterized by more severe muscle weakness with accompanying atrophy of involved muscles, muscular twitching (fasciculations) and hyporeflexia. The neurological exam at presentation and throughout the clinical course is used to assess the presence or absence of UMN and LMN signs in each of the 4 body regions (cranial, cervical, thoracic and lumbosacral). Any objective evidence of sensory loss, autonomic insufficiency, ocular motility disturbance, tremor or extrapyramidal motor abnormality (as in Parkinson's disease) is considered to exclude the diagnosis of classic MND [6] [7] [8] . Cognitive dysfunction or dementia has, until recently, also been considered to exclude the diagnosis of MND [9, 10] . New developments have completely changed our understanding of this phenomenon and have broadened our understanding of the spectrum of neurodegeneration in MND.
The MND known as ALS is characterized by the progressive loss of both UMNs and LMNs. Progressive muscular atrophy (PMA) is the form of MND characterized by the progressive loss of LMNs. Not infrequently, patients initially presenting with PMA may develop UMN signs later in the disease course. If so, the PMA designation is changed to LMN-onset ALS. Importantly, PMA patients who never develop any clinical UMN signs on neurological examination may have UMN pathology at autopsy. Primary lateral sclerosis (PLS) is the form of MND characterized by the progressive loss of UMNs. Similar to PMA, patients who initially present with PLS may develop LMN signs later in their disease course. If so, the PLS designation is changed to UMN-onset ALS. As with PMA, PLS patients with no clinical LMN signs may have LMN pathology on autopsy. Progressive bulbar palsy is an UMN and/or LMN disorder that remains restricted to muscles of the cranial or bulbar segment. Very frequently, however, patients who initially present in this way later develop UMN and/or LMN abnormalities in other body segments. If so, the progressive bulbar palsy designation is changed to bulbar-onset ALS [1, 4, 11, 12] .
ALS is the most common adult MND. It has a yearly incidence (new cases in the population) of 2-3 per 100,000 population that is considered to be unaffected by racial or ethnic variables. Below the age of 65 the incidence of ALS is 2 to 1 male compared to female; above this age the incidence is gender neutral. From the time of diagnosis the average life expectancy is 3-4 years. The most common cause of death is hypercarbic respiratory failure produced by progressive weakness of respiratory musculature. Weakness of the swallowing musculature may produce malnutrition and dehydration that may also prove fatal [1, 11, 12] .
There is no cure for MND and palliation with a focus upon physical, emotional and psychosocial needs of the patient is the cornerstone of clinical care from the time of diagnosis to death. A single drug, riluzole, has demonstrated modest slowing of disease progression in the ALS form of MND. Given overlapping clinical and pathologic features, this drug is usually offered to individuals affected by the other forms as well [13] [14] [15] [16] .
Pattern of Cognitive Abnormalities in MND
It is now clear that MND is clinically and pathologically linked to the disorder known as FTLD. About 5-10% of individuals with MND will develop a dementing illness resembling FTLD. The clinical features of FTLD may precede or follow the development of motor abnormalities in MND. FTLD is among the most common of the cortical dementing illnesses, and is almost as common as Alzheimer's disease among individuals less than 65 years of age, with a prevalence of 3.6-15.0 per 100,000, and an average age of onset of about 60 [17] . The clinical manifestations of FTLD are predicted on the basis of the frontal and temporal cortical predominance of pathology. These include a progressive form of aphasia, or disorder of social comportment and executive functioning. There are 3 defined phenotypes of FTLD, categorized on the basis of clinical profiles evident at presentation [18] . The behavioral or frontal variant, known as frontotemporal dementia (FTD), most commonly presents as a disorder of social comportment with personality change, disinhibition, lack of empathy and amotivation. Dysexecutive features include inattention, poor planning, and impaired abstraction and problem solving. Accompanying abnormalities often include a decline in personal hygiene, mental rigidity and inflexibility, hyperorality with carbohydrate craving, perseverative and stereotyped behavior, and changes in speech output with echolalia, perseveration and eventually mutism. Patients with progressive nonfluent aphasia exhibit effortful speech with agrammatism, paraphasic errors and anomia. Oral apraxia, impaired repetition, alexia and agraphia also may be present, though language comprehension and word meaning is preserved in the early stage. This is associated with anterior peri-Sylvian disease in the left hemisphere. In contrast, speech in semantic dementia is fluent but often impoverished in content. There is impaired word meaning that interferes with naming, comprehension and reading, and eventually loss of object knowledge emerges. This is associated with left anterior and ventral temporal disease. Memory and praxis are relatively well preserved across phenotypes.
Patients with MND who are cognitively abnormal may manifest features of any of these syndromes, and MND patients meeting the Neary criteria for all 3 subtypes of FTLD have been reported [19] . The most common cognitive abnormality detected in patients with MND is impaired verbal fluency [20, 21] . This is typically assessed through a timed word generation task wherein patients are given 1 min to produce a list of words that either begin with a target letter (for example 'F') or name members of a semantic category (for example 'animals'). Abnormalities of verbal fluency predict that detailed neuropsychiatric testing will confirm a diagnosis of FTLD as defined by the Neary criteria [10] . This task is not sensitive to behavioral impairments, so a proportion of MND patients with normal word generation who undergo additional neuropsychiatric evaluation will also meet criteria for FTLD, most commonly of the FTD subtype [10] .
Prevalence of Cognitive Abnormalities in MND
There is a much larger group of MND patients who do not have a frank dementia but nevertheless have some cognitive limitations. Screening tests may detect cognitive deficits in 30-50% of patients with MND [10, 19, [22] [23] [24] [25] . To account for the observation that a small proportion of patients will have frank dementia while a somewhat higher proportion will show abnormalities on cognitive testing, a continuum for cognitive abnormalities in patients with MND has been proposed. This continuum includes: frankly demented patients who meet clinical criteria for FTLD and can also be classified as having FTD, progressive nonfluent aphasia or semantic dementia; patients with attenuated social/behavioral abnormalities or cognitive abnormalities (for example executive dysfunction or language abnormalities); cognitively normal individuals [19, 26] . Research is ongoing to determine the prevalence of each of these conditions.
The University of Pennsylvania Experience
The formal diagnosis of cognitive impairment in MND would ideally be accomplished through detailed neuropsychiatric testing of all patients with MND. Given time constraints, a quick screen is of practical utility. In order to capture the 2 major clinical aspects of FTLD, we have been applying a cognitive screen to all patients seen at our multidisciplinary ALS Association Center at the University of Pennsylvania. The screen includes a verbal fluency task and the Frontal Behavioral Inventory (FBI). The FBI is a 24-item questionnaire that is completed by the caregiver and quantifies features seen in FTD, allow- ing the distinction of FTD from other dementias [27] . The verbal fluency task is administered orally or in writing, depending on the patient's preference. A cutoff score equivalent to 2 standard deviations worse than performance of age-and education-matched controls is used to identify individuals at risk for cognitive and behavioral abnormalities in association with the clinical diagnosis of MND.
Over the course of 6 months, 227 patients with MND were evaluated at our institution. Table 1 summarizes the demographic and clinical features of these patients. Onset was bulbar in 19.8%, respiratory in 1.3%, cognitive in 2.2% and limb/thoracic in the remaining 76.7%. The pattern of clinical onset in MND is important to note because FTLD may occur more commonly in the bulbaronset form of MND, and may occur much less commonly in the PMA form of MND. Verbal fluency testing was performed on 172 patients (75.8%). The FBI was administered to 69 patients (30.4%). Verbal fluency was abnormal at least once in 39.0% of those tested. The FBI was abnormal at least once in 84.1% of those tested. Abnormalities on both measures were seen in 31.9% of those tested. This number comports well with the experience of other large centers investigating cognitive disorders in MND [10] . Among patients with bulbar onset, 28.9% demonstrated abnormalities of verbal fluency, 24.4% scored abnormally on the FBI and 6.7% were abnormal on both measures. For patients with limb, thoracic or respiratory onset, the corresponding numbers were 29.4, 24.9 and 9.6% with impairments on both cognitive and social measures. These data are not consistent with the notion that cognitive/behavioral abnormalities are more common in bulbar-onset disease. These preliminary observations do not, however, address the question of whether cognitive/behavioral abnormalities are more common in patients who manifest bulbar dysfunction as part of their clinical syndrome at some point during the course of their disease.
Neuroimaging in Motor Neuron Disease with Cognitive Impairment
Neuroimaging is carried out during the usual evaluation of patients with suspected MND, largely to exclude alternative diagnoses. The findings on brain magnetic resonance imaging (MRI) are most commonly normal, though hyperintensity in the corticospinal tracts may occasionally be seen on T2 and FLAIR sequences and hypointensity of the motor strip on T1 sequences has also been reported [28, 29] .
Voxel-based morphometry (VBM) uses T1-weighted MRI images to assess the whole brain and identify regional structural atrophy quantitatively, based on operator-independent volumetric analysis. VBM is a particularly attractive technique to use in patients with MND and cognitive impairment, as the entire brain is analyzed quantitatively, including nonmotor regions that may be compromised in MND. VBM has identified global brain atrophy as well as regional atrophy in the motor cortex, left medial frontal gyrus [30] , and pre-and postcentral gyrus [31] in nondemented MND patients. Gray matter atrophy in frontotemporal regions has also been seen in MND patients with clinical FTLD [32] as well as milder cognitive impairment [33] . We have recently used VBM to compare patients with MND/FTLD and age-matched controls. This is illustrated in figure 1 . Significant differences were found in the bilateral medial frontal, left middle frontal, right orbital frontal, right inferior frontal, right hippocampus and right inferior parietal regions.
Other MRI modalities are used on a research basis. Diffusion tensor imaging is a structural neuroimaging technique that assigns numerical values to the cohesiveness of white matter tracts in the brain through measurement of the magnitude and directionality of water flow [34, 35] . This technique has shown early promise for use in the posterior limb of the internal capsule of patients with MND [36] [37] [38] and for examining white matter tracts in patients with FTLD [39] . We have successfully applied this technique to measure the volume of the corticospinal tract in patients with MND, and we find that this is reduced when compared to controls [40] .
Magnetic resonance spectroscopy (MRS) assesses brain metabolites that reflect neuronal integrity. The motor cortex is the usual region of interest for MRS in MND patients, and there is much data to suggest that neuronal integrity is measurably altered in this area [28, [41] [42] [43] [44] [45] [46] [47] [48] . We too have found that MRS of the precentral gyrus is abnormal in patients with MND, and that this predicts disease duration [36] .
Pathophysiology of MND and FTLD
Much work has been devoted to the investigation of superoxide dysmutase in MND [49, 50] . More recently, investigators have pursued a pathophysiologic mechanism more closely linked to the commonly observed pathology of MND, most notably the ubiquitin-immunoreactive, tau-negative neuronal inclusions. This pathology is identical to the single most common form of pathology found in FTLD, known as FTLD with ubiquitin-positive but tau-negative inclusions (FTLD-U) [51] . The ubiquitinated protein in both FTLD-U and MND conditions was recently identified as TDP-43 [52] . This discovery is extraordinarily important for several reasons. Not only does this provide an important new target for drug discovery in the treatment of these conditions, but the common occurrence of TDP-43 pathology in both MND and FTLD provides a crucial biological rationale for the recent clinical observation of cognitive difficulties in MND. Indeed, several different conformations of TDP-43 have been identified with immunostaining, and MND and FTD are both observed to have several of these conformational subtypes. Ongoing work is investigating the biological significance of these conformational changes.
Conclusions
MND and FTLD appear to overlap at several levels. Clinically, MND is no longer thought to be a purely motor disorder, and a large number of MND patients also appear to share clinical features of FTLD. A modest number of cases with MND also display a full-blown FTLD syndrome manifesting as primary progressive aphasia or a disorder of social comportment and executive functioning. A much larger number of individuals with MND -as many as half the cases of MND in some series -exhibit an attenuated pattern of cognitive, language and social difficulty. The presence of these cognitive and social impairments has important consequences for ongoing medical care and end-of-life planning. This clinical overlap is also seen in biomarkers. For example, imaging studies show cortical atrophy in nonmotor regions of the frontal and temporal lobes, consistent with the cognitive and social difficulties seen in many of these patients. Diffusion tensor imaging and spectroscopic studies likewise show important changes and motor and nonmotor regions consistent with the clinical features shared by MND and FTLD. Finally, the presence of TDP-43 in the ubiquinated histopathologic inclusions of both MND and FTLD emphasizes the shared biological basis for these disorders.
